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Ie INTRODUCTION 


Meny schemes have been devised for cooling gas turbine 


blades. Most involve circulating a coolant (air, water or fuel ) 


through passages in the blades either as part of a closed circuit 
externally cooled or as a “one way" process whereby the coolant dis- 
charges into the turbine working fluid after having absorbed heat 
from the blades. 

All of these methods, have, in addition to the functional 
design problems, the disadvantage of adding losses to the powerplant 
which, in part, reduces the gains to be anticipated from increased 
turbine inlet temperature. 

In MeI.T. Technicel Report No. 4 (reference 14), the per- 
formance of a simple gas turbine powerplant utilizing cooled blades 
was anelyzed for a wide range of operating conditions. This analysis 
considered only the effect of heat loss fran the working fluid to 
the sooled blades and did not investigate the losses which might be 
incurred in circulating the coolant. In this study the above analysis 
is extended te include the over~ell effects on powerplant efficiensy 
and specific air consumption of three types of cooling systems. 

1) Foreed convection air cooling «~ air is pumped through 
radial passages in the blades end discharges into the working fluid. 

2) Transpiration air cooling -- air ia forced through 
hollow perous blades and discharges into the working fluid. 

3) Liquid cooling -- liquid is circulated through passages 
in the blades in « elesed circuit and cooled externslly. 


HOLTOUGORTE 43 


ealdtud ea, gniloos tol besiveh aeed ovad senedoa yall 
( fowt to sodew yuto) tucfooe » gnidelvorte eviovek geoll .awbe fu 


#iveuks beaols & Yo dxpq eo zeddte sebald ofd at tegeeenq dgwouds 
“0th daefooo ott yCeredw ansooty “yer ao” 2 an xo befoos yi lamodxe 
ft corhprangenleumrbaenticcna voneenpetnkentanbean 
a : " 1 eabel sdé cork 

14 snide “elo Wa sete jd iad daa 
 tuaiigriowog’ silt 0 seeeot gutbhe Yo eyataarbeath of? yamoliiong ayteeb 
heenesont sort bedaqiotina of of antag odd ecoubos ytieq at ydotiw 
sowteroqm? delat ankéwe 

| 0g ont (81 cemereton) & sof droge SaotaloeT «616K at | 

aebaid belooe gatat itty taelgrewq entéuwt 263 olqute 2 % conn? 
ateylans ald? .enotéticoo yabiwieqe to egaet ebtw # wo? beryLlane cow 
ot Stuf? gabhrow of soxt ool tand to footie od? yaw bovebtanvo 
qh tadiet taken eubnst oft etegibeownl ben Bh ban veteld beloos ect 
ateylens ewode ait ylude ofdt of .trsfooo eit yatéelvoste at bermont 
wastolite dnalirewog se atoelte [Lowisve oid ebwinat oF betwetre et 
sanedeye gablove to soqyt sexdd Yo soltqamanoo «he ofttoequ few 

davoruid hequugy ef tke -- yatloos ata solders beorel (I 
-btult gntiron edd odmt segtedonth bas sebeld edd at vogaweaq Lathe: 

tigword? boot af ube = gatloce uke sottattquaes? (8 
chtelt gabtene odd otut neguadent® hun sebald sueveq wetted 

nogezte dguontd hetaluorte at btuphl = gatioos biuphl (¥ 
+yllarietee bsloov bas ttusrto besole 2 at eebald edt at 


Il. FORCED CONVECTION «« AIR COOLED POWRRPLANT 
Ae Deseription of System 

The basic powerplant studied in this investigation is composed 
of a conpressor (c, ), a turner (D), a cooled turbine (A) and an uncocled 
turbine (B). Hach turbine is composed of an infinite number of infini- 
tesimal impulse stages of polytropic efficiency | p* ihe coolant air 
is supplied by a bleed connection from canpressor, ye The expansion 
ratio of turbine A varies so that the inlet temperature to turbine 5 
remains constant at the maximum allowable blade temperature. The 
coolant (m) is compressed in ©,, passes through a heat exchanger (2 ) 
and is ducted to coolent passages leading to the buckets and nozzles. 
Appropriste portions of the coolant, m, and m, emerge from the nozzles 
end buckets, and, at estates Ge and Gd respectively, mix with the main 
working fluid in the mixing chamber (7). The resultent mixture, now at 
state 7, expands through the uncooled turbine B. 

The assumption that the coolant does not mix with the working 
fluid within the cooled turbine A can be visualized physically as 
follows: The coolant could be thought to discharge imto the cooled 
turbine but to travel umixed slong the periphery of the casing. This 
viewpoint assumes thet any work done by the coolent within turbine A 
would be counterbalanced by the aerodynamic losses which it causes. 
According to this hypothesis, the coolant would discharge against local 
turbine pressure «- which for the limiting case would be the inlet 
pressure of turbine A. 

In this powerplant it is seen that, in addition to the heat 
loss to the blades, other losses are present such ass (1) the work 
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inpat to the coolant in the caspressor, (2) the pumping work done on 
the coolant es it passes through the rotor end blades, and (3) the 
enthalpy loss of the mein working fluid due to mixing with the coolent 
at F. However, to seme extent, energy will be recovered when the 
coolant expands through the uncooled turbine 3. 

The two design parameters listed below were chosen as being 
importent to the cooling systen and ite effect on the over-all pover~ 
plant. The base value represents the value at which each was fixed 
when either of the other two parencters was varied. 


Design Parmeter Bese Value = Range Studied 
Ux -~ coolemt passage effectivencss 0.6 Ded » 068 
Togp 7 coolant inlet temperature 1200" s00°R « 1500°R 


Vx *# % measure of the heat transfer from blade to soolent 
(and, from heat transfer — friction relationships, a measure of blade 
pressure drop). )( . is defined as 


tT. =f 
OLS as ae soecenane @) 
Ag shown above, x Bay be written immediately in teme of 
nozzle coolant temperatures but the effect of centrifugal temperature 
risos must be considered (see Appendix F) in order to relate ){ _ to 
bucket coolant temperatures. Also, in Appendix F, it is show that 
Vf 48 © function of coolent passage 4/0, ratio and, to a lesser 
extent, coolant Reynold's number. 
Tog, 1¢ the temperature of the coolant air leaving the heat 


exchanger E and may be thought of as representing the heat absorbing 
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potential of the coolant. The coolent temperature in this enalysis 
is maintained independent of the outlet conditions of the auxiliary 
coapressor by the heat exchanger FE. The powerplent is not, however, 
charged with the heat added or subtracted from the coolant in E. The 
bese value of T..., 1200° R, corresponia to what would be the available 
coolent tenpersture if the coolant air were bled from the top of the 
nein compressor without passing through the heat exchanger. 

Be Method of Anelysis «« Forced Convection Air Cooled Powerplant 

The general expression for the efficiency of a heat engine is 


1s bike nine” 


t 
Referring te Fige 1, the efficiency of the foreed convection 
air cooled powerplant may be written as follows: 


Ney emt, see eee (3) 


Net 


oe e © @ @ (4) 
in 
5+)" 
Qs e- e#e#ee¢ (5) 
The tom ©, in Equation (6) is the pumping work done by the 
deeb des Vins tinbiod es ibis rotor. 
Ae shown in Appendix D, fj.» the officiency of the main 
working fluid cycle, may be determined by the method outlined in 
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reference 18 if the values of Q, /\!, and suf, are known. Q, represents 
the heat loss from the working fluid to the cooled blades. AH repre- 
sents the enthalpy loss to the main working fluid caused by mixing with 
the coolant. The analysis used to evaluate aft, and AH/", is described 
below. 

Appendix E presents a relation for the heat flow to a cascade 
of blades and an optimum design value for the work of an infinitesimal 
stage. These two relations can be combined as per Equation (6) below. 
To obtain average values of this ratio for the nozzle or bucket rows, 
qs should be interpretated as the sverage stagnation temperature 
relative to either nozzles or buckets. Making use of the average 
stagnation temperatures (Equations 7 and 8) and noting, from Fig. Sa, 
thet T° T* sue, expressions for (Q,/¥, ys (Q, Ate and afi, 
are determined. 
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aH/t the enthalpy loss term, is found by applying an energy 
balance to the adiabatic mixing at F. This derivation is carried out 
in Appendix @ and results in Equation (12). The terms € and 0, 
which are defined and tabulated in Appendix G, account for tenperature 
rises due to rotationsl work. The term )/.' (see Appendix F) is an 
apparent effectiveness which includes rotational effects as well as 
heat transfor. 
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The above Equations (9 ~ 12) have been solved by iteration 
for Q,/*, and a8/T,, employing the additional relation that 

°F hog (yale a 
Pg 2 21+ ¥, 7, 

The values of Y obtained are plotted in Fig. 6. 

n/i, the total coolent ratio required to maintain the blades 
in the cooled turbine et a is obtained by applying energy balances 
to the coolant flows in the buckets and nozzles (see Fig. 4a). Implicit 
in this analysis, is the assuaption of infinite blade thermal conductivity 
(ieee, cooled blade temperature is everywhere constant and equal to tT. 
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The coolant ratio for the nozzles is determined from ea simple heet 


balance and the definition of effectiveness (Squation (1). 


(1/8), ¥ 
A A 
owt), = = as ) “ee eee (1s) 
px w o3b 
The required coolant ratio for the buckets is found by the 
seme general technique but the detaile are complicated by centrifugal 


effects. The derivation is carried out in Appendix E. 


(n/t), = ad “A —e . — (14) 
nd a Be ~ fom = wre, Sp J+ mise, B- GP} 

The total required coolent ratio, the sun of Equations (13) 
and (14), is plotted in Fig. 6 as a function of turbine inlet 
tenperature and the cooling system design parameters. 

The quentity Nn is shown in Equation (6) to depend on W,, 
Q49 »*" By and Q,., are determined by the methods of Appendix 
De Wy the pumping work, is expressed by the following equation 
derived in Appendix H. 

ya & eeceens (86) 

The work done by canpressor © on the coolant is a function of both 
the net stagnation pressure drop in the coolant flow path and the 
stagnation pressure at the blade tips, Posp* For simplicity, the 
pressure drops in both nozzles and buckets are considered to be 
Similar. It is further assumed that the stagnation pressure at the 
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turbine inlet nozzle tips is low enough to permit positive flow fran 
the coupressor bleed point. This reasoning permits the use of a 
single canpressor bleed connection. This study assumes that el) of 
the coolant will be bled at conpressor discharge pressure and the 
correct distribution of coolant will be mainteined by throttling the 
paths of lower resistence. This assumption furnishes a conservative 
estimate of the compressor work accemplished in the coolant cycle. 

Vi m* es calculated in accordance with the preceding discussion 
is plotted in Pig. 6. low, in conjunction with the values of Y/. and 
nfl previously obtained it is possible to determine )( por Equation (2). 
The powerplant efficiency, Y{ , ami specific air consumption are plotted 
in Pigee 7-8 In this inrestigation apecifie civ contenption is based 
on totel air flew es follows: 


1 
” ; 5) + 
specific air consumption (pcm) = Leen + af a) (16) 


C. Results of Analysis -- Forced Convection 

in Fige 5 Y{,, and Y,, are plotted against turbine inlet 
temperature for e range of cooling system design paremeters. It is 
seen that Y| .., the efficiency of the main working fluid cycle, is 
primarily « function of ) . ani turbine inlet temperature. This is 
because, at constant T..., changes in V\,, result from variations in the 
mixing loss AH/¥,. aH/¥, is relatively unaffected by coolant inlet 
enperature since, say, increasing Tos tends to both increase coclant 
flow and inorease coolant discharge temperature, Both of these effects 
work in the opposite direetion and tend to be mutually cancell ing. 
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N a which may be thought of as » measure of the efficiency 
of the coolant cycle is, to a first approximation, a function of) - 
and T ose° 
primarily from changes in Wye These changes in Wy are the result of 


This is because, at constant fT ose’ Cmnges im. result 


variations in the mixing loss an/, » which is relatively uneffected 
by changes in Tos? 

The coolant ratics required at various turbine inlet tempera- 
tures are plotted in Fig. 6. As might be expected, inereasing Vf. and 
reducing T,., help to minimize the coolant ratio. The effect of 
coolant inlet temperature is especially marked. At T\.. = 000%, 
decreasing the coolant inlet temperature fran 1500°R to 600° reduces 
the required coolent ratio fran 71% to 184 for So % O08. For 

S° 0.02 the coolant ratios are much less. 

In Pige 7, the effeot of turbine inlot temperature and 
coolant passage effectiveness on porerplant design point performance 
is shown. Throughout the ranges of turbine inlet temperature studied, 
inoreasing Y( improved thernal efficiency, and lowered specifie air 
consumption. The gains arising fron increasing |. ere due to the 
increases in | ,, and decreases in m/l which result. The greatest 
gains in performance appear to lie in eliminating very low values of 
Y\,, rather than in attaining moar 1004 effectivensss. 

The effect of coolant inlet temperature on powerplant per~ 
formence is shown in Figs 8. Tg, 19 found to have little effect on 
neximm efficiency, but reducing T... dees result in much lower 
minimum specific air consumption and much better efficiency at high 
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turbine inlet temperatures. The beneficial effects of reducing Tos 
are due mainly to the decreased coolant ratios required. 

The results of Pigs. 7 and 8 show that the design point 
performance of a foroed convection air cooled powerplant any be optinized 
by increasing blade coolant passage effectiveness, and reducing coolent 
inlet temperature. For the particular operating conditions studied, 

Y, sna Tgp have more pronounced effects on specific air consumption 
then on maximum cycle efficiency. 

If metallurgical considerations did not exist, it would be 
possible, by increasing the turbine inlet temperature of oe sinilar 
uncooled powerplant from 1960° to 30008 te increase cycle efficiency 
from 35% to 41% and reduce specific air consuaption frou 87 to 18 1b / 
hpehr. (See Fige 16). In the forced convection air cooled powerplant, 
in which the blade temperature is limited to 1960°R, if the turbine 
inlet temperature is increased through the same range, depending on 
the valves of the cooling system design parameters, the cycle efficiency 
ean be increased 2.5% to 3.5% (out of a possible 6% cain) and the 
specific air consumption ean be lowered 23 te 16 1b /np-hr (out of o 
possible 26 1» /np=hr reduction). From these results it is apparent 
beth that (1) appreciable net improvenents in performance ean be 
realised with forced convection air cooling and (2) the cooling cysten | 
design paraxeters chosen in this enslysis have a significant effect 
on powerplant performance. 
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Ill. TRANSPIRATION COOLED POWERPLANT 
Ae Deseription of System 

The basie transpiration air cooled powerplant is similar 
to that deseribed in IeA, The difference lies in the manner in which 
the coolant passes through the blades end mixes with the working 
fluide 

As shown in Pigs 2, the main working fluid (™) expands 
through the cooled turbine A, mixing with the coolant which has 
transpired through the cooled blades. Appropriate portions of the 
coclent, m, ond my, are forced through the nossles and buckets 
respectively, enter the cooled turbine at states 6e ani 6d, and mix 
with the main working fluid. The mixture of coolant and main working 
fluid leaves the cooled turbine at state 7 end is expanded through a 
second uncooled turbine 5. 

It is essumed that the addition of the coolant mass has no 
net effect on the expansion process within turbine 4. That ia, the 
work done by the coolent mass is exactly counterbalanced by the 
enthalpy lesses due to mixing and the serodynamic losses due to 
boundary layer thickening. 

In general, the losees for the transpiration secled powere 
plant ere similar in nature to those in the forced convection cooled 
powerplant. Two major differences exist hovevers (2) As mentioned 
above, it is assumed there is no net enthalpy loss due to mixing of 
the coolant end working fluid (is¢., a/%, © 0). (2) The heat flew 
to the blades, Q,, will be materially reduced due to the insulating 
film produced by the transpiring coolent. 
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The design parameter governing the operation of the trans- 
piration cooling system is listed below. The paremeter ) x Used 
in the forced convection systen is now dropped because the contact 
between coolant and wall is so great that no significant tenperature 
difference exists between the energing coolent and the blade wall. 


Design Parameter Sese Value henge 
Tgp Coolant inlet temperature 1200° RB 6001 500 


Tosp has approximately the seme effeot on the transpiration 
system a8 on the forced convection system. The diseugsion in InA 
for Posp alse applies here. 

B. Method of Analysis «- Transpiration 

The efficiency of the transpiration cooled powerplant may 
be expressed by Equations 3, 4, and 6. Hovever, because of the 
@ifferences in tho physicel processes the determination of the oan 
ponent terms of these equations is different fran the methods developed 
in I~B, 

The esleulation of \{,, for given values of Q,/¥, is similer 
to the method for forced convection. The detaile are outlined in 
Appendix De As will be shown below, however, the term ¢,/¥, can no 
longer be evaluated solely by the equations developed in Il+A. 

in a transpiration cooled powerplant, the coolant forms en 
insulating layer which reduces the gas-to«blade heat transfer 
coefficient, ™~ . Allowing starred terms to denote heat transfer 
conditions for sere trenapiration mass fler, the following equations 
are written. 
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(Q,/ Dag * (A I (LJ 0E Dy soeoade” OY) 
(@/% dy = (/*,)5 © foc"), *wveeee (18) 


Wow (Q/¥, ): end (@,/v¥, )5 enn be evaluated from Equations (9) 
ami (10). (Hoting thet, for transpiration, ae * 0). 

Several methods ere given in the literature for deternining 
the ratioc /oc, (lteferences 4 and 5). A cimplo relation is the 


"film theory" expression proposed by Mickley (reference 13). 
c 


0 oc” rane cHeeee 
ES (19) 
e ol 
In Appendix I, Equation (19) is rewritten in terms of the 
nozzle coolant ratio ani the loss factor Sot This equation applies 
equelly well for the tuckets if (o</oc™ )y and (n/it),, are replaced by 
(~</oc*)., and (m/il), 


(m/e) we? oy) 


(o¢/oc"),, 


The coolant ratio for the nozzles ia determined fron a 
simple energy balance applied te the cooling process (see Fige 4b). 
It is assumed in this energy balance that the coolemt leaves the blede 
wall et wall temperature. 


Oy (hy = Togp) oeeeee (21) 
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The coolant ratio for the tuckets ia obtained in a siniler 
nenner. The energy balance is applied at a mean blade radius such 
thet the blade tengential velocity is i « whteed), Therefore, the 
absolute stagnation tenperatures of the coolant before and after the 


porous wall. are Toay ° Tomy * 30 Tg. * *™ Togg * Ty * rt 
ay Sap ements: |. be’ RTE eooeeee (22) 


Fram Equations (17) through (22), the coolant ratios and 
heat loss terns (Q,/¥,) are caloulated. The resulting curves of 
and m/f are plotted in Figs. 9 and 10. 

aft fe Aotummiand ty evetnating My Say Tp Ot Hs "os 
%, and Q,. are calculated es shown in Appendix D. An expression for 
Wye the rotor pumping work is derived in Appendix H, assuming that the 
rete of transpiretion per unit redial length is constant in the 
buckets. 


nyo esa Se s**e*e¢e08 8 (23) 


Ce The Results of Analysis -- Transpiration Cooling 
In Fige % J, and ,, are plotted against turbine inlet 
temperature for various constant values of the cooling system design 
peremoter, it is seen thet inoreasing coolant inlet tenperature 
causes @ anell increase in the quantity )( .» This is because higher 
values of T., result in larger coolant flows which in turn inorease 
the ooclent insulating effect and reduce heat loss to the blades. 
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The required coolent ratios are plotted in Fige 10. As in 
the case of the forced convection cooling system, increasing T ov 
increases the coolant ratio. The most important feature of these 
curves is the low coolant ratios required for transpiration os 
compared to those required for foroed convection. When T, © 1200° R 
ond T ., = S000° R, the coolant ratic required for transpiration is 
less than ome third of that required for forced conveotion. 

In Fige 11 the effects of the design parancter 7... on 
powerplant performance is shown. As in the case of forced convection 
reducing coolent inlet temperature tends to increase efficiensy and 
lower specific air consumption. However, the transpiration cooled 
powerplant is much less sensitive to varistion in T.... than wes the 
ferced convection poverplant. 


TV¥e LIQUID COOLED POCERPLANT 

The liquid cooled powerplant considered in this study is 
sooled by a closed water circuit. The water flove through loop type 
passages in the blades and is cooled externally in a heat exchanger. 
If the coolant flows through both nogzles and buckets in series, the 
snalysis of Appendix M shows that, for a wide renge of operating 
variables, the net coolant preasure rise in the buckets and rotors 
is sufficient to overcome all the system frictional pressure drops 
end no cireulating punp is necessary. A4lso, since the coolant flows 
beth outward end inward in the roter and buckets no net pumping work 
is done by the rotor. 
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From the disouselon above, it is seen that the quantity Y . 
(Equation 6) 4s zero and that V{ is just equal toY{ .. The eyele 
efficiency for the water cooled powerplant is then calculated 
according to the methods of Appendix D. The results of these scale 
culations are plotted in Fig. 12. 


Ve SURVEY G@ BLADE COOLING ANALYSES 

Currently much research is going inte the development of 
high temperature blade alloys and metheds of blade cooling. Cone 
siderable work has been devoted to the design of particular types 
of coolant systems, but relatively little analytical work has been 
gone on the thermodynamic performance of cooled turbines. A 
survey of the technical Literature reveals a large emount of material 
on the subject of blade oooling. Hovevor, most of these studies 
are concerned with the blade tenperature distribution and blede 
Nusselt mmber (references 6, 9, 11, 16). ‘The survey will be 
discussed within areas of developzent camon to most of the analyses. 

Ae Heat Transfer Correlations 

Outside surface heat transfer coefficients have been 
obtained experimentally by many investigators for static cascades of 
turbine blades. The resulting correlation equations have been of 
the form 


| tu * A (Re)? (Pr)® 
However, each investigator has used a different set of fluid condie 
tions in defining the nondimensionel parameters. Consequently, the 
constants A, 3, and C very with each analysis. Ainley (reference 1) 
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stated that fran tests of an experimental air-cooled turbine there 
was « clear inference that heat transfer coefficients, derived fran 
cascade tests, were not necessarily « reliable guide to heat transfer 
on sinilar blades in a turbine stage. le explained that the differ= 
ences were probably associated with differences in mein strean 
turbulence and secondery flowse 

Several theoretical heat transfer correlations based on 
Reynolds’ analogy have been developed. Srom andi Donoughe (reference 
&) extended the boundary layer heat transfer theory to obtein 


te (re PA o£ 


Smith (reference 16) used a modified form of Reynolds’ analogy to 
determine the blade Masselt number. The modification consisted of 
an eupirically deternined fentor which varied with the ratio of 
exit to entry velocity. This factor was only good at a Reynolds’ 
number of about 2 x 10° tut could presumably be extended. Smith 
noted discrepsncies between experinental and theoretically calculated 
Nusselt numbers. oe attributed the disagreement to variations in 
blade shape rather than to errors in the theoretical enalysis. 
liawthorne (reference 6) developed a similar correlation which was 
used in the analysis presented in this study (Appendix £). By 
using Heynolds' analegy, he was able to relate the heat transfer 
coofficient to the profile lows factor € , as detemined in cascade 
teste. As of this writing, there hes been no good experimental 
data obteined fron rotating cooled turbine blades te correlate the 
analyses presented here. 
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Be Turbine Cooling Losses 

All of the proposed methods of blade cooling for ges turbines 
have the disadvantage of adding losses to the systems which reduce the 
gains to be anticipated from increased turbine islet temperatures. 
The lesses incurred due to cooling are as followss 

a) Aoredynenic losses caused by larger tip clearances and 
flow interference in the regions vhere the coolant is discharged into 
the mein gas stream. 

b) Cooling losses caused by heat transfer fran working 
fluid te secolant which results in a reduction of the reheat factor 
due to progressively lower gas temperatures in the cooled turbine as 
conpered to the uncooled turbine. | 

¢) Mixing losses which result in o lowering of the cooled 
turbine exhaust temperature and decrease the performance of either 
e hest exchanger or a secon’ uncooled turbine as in this study. 

C. Aerodynanic Losses 

Hawthorne (reference 8) shoved that the aerodynamic losses 
were of the order of 1 or 2 percent, changing slightly with Mach 
munber and type of stage. Sy averaging a large mmber of tests, 
Ainley (reference 1) concluded that the combined effeet of noszle and 
rotor cooling air quantities was to reduce stage efficiensy by less 
than 0.6 percent when the cooling flow ratio totalled 4 percent. 
This is seen to be less than the effect predicted by Mawthorne, but 
it is no doubt due to the low cooling flow ratio employed. 
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De Cooling Losses 
Brown (reference 2) developed an analysis to determine the 
effeot of cooling on turbine efficiency and reheat factors. ile derived 


a cooling loss factor 


(90 rs (T° t,? 


where A was a function of the gas properties, 2 a function of blade 


properties, and C a constant. This loss factor was then used to 
obtain the over-all turbine efficiency. 
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This expression is identical with that determined by Hawthorne and 
used in this study (Appendix D). The variation arises in the derivee 
tion of # or G/® as used in this analysis. Srown's loss factor does 
not account for the decrease in relative stagnation temperature 
resulting from blade rotation while Q/¥ does (Equation 10). However, 
the loss fector ¢ dees bring out the fundemental relation between 
eooling loss and the variebles which detemine turbine blade design 
(4e@-, Variables in the quantities A and 3B). Therefore, # does tend 
to indicate the way to optimum design. Hawthorne's factor @/¥ 
(Resetdone § and 10) does not accomplish this purpose since the vari« 
ebles which determine blade design are hidden in the enpirical loss 
factor Se (Appendix EB). Esgar and Ziemer (reference 7) produced « 
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series of charts which remitted the graphical evaluation of cooled 
turbine performance. They assume that all of the heat rejection 
occurs at turbine inlet temperature while this study assumes a mean 
temperature between turbine inlet and exhaust for calculating heat 
rejection rates. Heat rejection rates caleulated by Hawthorne and 
by Brown show surprisingly good agreement while those of lisger and 
Leimer are from one-third to oneshalf those caleulated by references 
8 and 14. 
BE, Mixing Losses 

The mixing less is represented by 4i/W (Appendix F) in this 
studye This loss was not calculated or included in eny other analysis 
covered by this survey. However, several of the analyses (references 
2, 7, 15) indicated the need for inoluding such losses. The 
assumptions used in deriving Ali/¥ (see Section 11-4) were identical 
with those suggested by the NACA (references 7, 15) for calculation 
of the mixing losses. (See assumption D below.) 

PF. Assumptions 

In order to obtain simplified enelyses each inveatigntor 
was required to make many assumptions. The major assumptions are 
listed here for purposes of conparison with thie study. 

a) The gas tenperature profile wes assumed to be uniform. 
(References 2, 15) 

tb) Blade geanetry, and inside and outside heat transfer 

coefficients were assumed constant over the span of the blade. 
(References 2, 15) 
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o) Rediation and conduction effects were neglected. 
(References 2, 15) 

a) The coolent was not considered to be part of the working 
fluid after it was discharged into the cooled turbine. The soclant 
mixed with the mein working fluid at the exhaust condition from the 
cooled turbine. (References 7, 15) 

e) The entire velocity head of the cooling sir was lost or 
counterbalanced by the serodynamic losses imposed in the cooled turbine. 
(References 7, 15) 


Vie CONCLUSIONS 

le The results of this investigation show that appreciable 
net improvements in gas turbine performanee can be attained by the 
companion processes of increasing turbine inlet temperature and blade 
— Goolinge 

2. Liquid cooled turbines are capable of lower specific 
air consmption than air cooled turbines. 

Se Transpiration air cooling results in lower specific air 
consumption and less sensitivity to cooling system design paremeters 
than dees forced convection cooling. 

4. For both types of air cooled powerplants, decreasing 
coolant inlet tonperature and reducing coolant discharge presgure 
improved powerplant performance. For the forced convection systen, 
blade internal geawtry (1.0., coolant passage effectiveness) has 
significent effects on performance. 
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Se The blade loss factor ce has a noticeable effect on 
plant performance. Decreasing Fo increases efficiency, decreases 
specific air consumption, end increases the maximum inlet temperature 
at which peak efficiency occurs. 

6. Low specific sir consumption indicates higher specific 
output for smaller plante. Yor this reason, transpiration cooled gas 
turbines would tend to be more desirable than convection cooled 
turbines for aircraft applications. 

7. Wigh efflelencies indicate better specific fuel cone 
sunptione Secause of this and an abundance of water, the liquid 
cooled gas turbine will be more attractive for marine installations. 


8. The assumptions, used in this analysis and in the 
analyses discussed in Section ¥, yield results which are adequate for 
comparative purposese This study shows good agreement with reference 23 
however, it is at variance with work done by the NACA (reference 7). 
Experimental date to prove or disprove these analyses ia not eaveileble 
at the present time. 
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Vite ILLUSTRATIONS 


Fige Humber Caption 


1 Sehematic of gas turbine powerplent with foreed convection 
air cooled blades 

2 Schematie of gas turbine poverplant with transpiration 
air cocled blades 

3 Typical cycle diagrams for main working fluid, ¥ 

4 Energy belenees applied to cooling processes 

5 Variation in ){ ,, end Y with turbine inlet temperature 
and cooling system des pareneters for forced convection 
air cooled powerplant 

6 Lfifeect of turbine inlet teuperature and cooling 


design parameters on required coolant ratie for forced 
convection air cooled powerplant 


7 Lffeet of blade coolant passage effectiveness on per= 
formenece of forced convection air cooled powerplant 

8 Effect of coolent inlet temperature on performance of 
forced convection air cooled powerplant 

9 Variation in )(,. and Y| . with turbine inlet temperature 
and cooling &; design paremeters for transpiration 
air cooled powerplant 

10 Effect of turbine inlet temperature and ceoling system 
design peremeters on required coolant ratic for trans- 
piration air cooled poverplant 

il Effect of coolant inlet temperature on performance of 
transpiration air cooled powerplant 

12 Comparison of performance of powerplants employing 


different systens of cooling 
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FIG. 5-VARIATION IN 7, AND 7m WITH TURBINE INLET 
TEMPERATURE AND SYSTEM DESIGN PARAMETERS 


FOR FORCED CONVECTION AIR COOLED POWER 
PLANT 
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FIG. 8- EFFECT OF COOLANT INLET TEMPERATURE ON 
PERFORMANCE OF FORCED CONVECTION COOLED 
POWER PLANT 
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APPBEDIX B 
TABLE OF NOMENCLATURE 


Syabals 


= (Ag )y * (gly = total transpiration ares for blades, re" 


~ specific heat at constant pressure, vin /lh, °K 
“bs - average for cooled turbine « .283, bou/Lb, =r 
c, = average for mixing process = .277, btu/lb ="R 
°bs ~ average for coolent in blades - .264, biu/Lh, "a 
2 S ~ equivalent dimmeter of blade coolant passages, ft 
22g, ,/ V° = friction factor 
sf or B- coolant flow per unit area, 1b, /tt? 200 
soz. ecolant flow per unit area, 1b, /tt* see 


~ impulse blade factor (defined in reference 18) 

2 W/8 = turbine constant, 1» /tt*=o0e 

~ thermal conductivity, btu/sec=ft"R 

= blede length, ft 

« nain working fluid mass flow, 1», /eee 

*m, +m, © total coolent mass flow, 1b_/seo 

= (P), * (P), = totel perimeter of coolant passages, ft 
- pressure, roe/re" 


IP » power, ft-lbf/see 
I = pover output ef turbine B, ft-1bf/see 


Q 


Q © heat flow per unit mass to infinitesimal blade row, beu/Ld, 


~ heat flow, btu/ses 
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sad | | ‘ REGAMA " 


Nike 5 em i 8 a= = * ; ie 
Went senmnsony = 


% « heat loss to blades per unit mass of M, btu/lb, 


Q,,, ~ Powerplant heat input per unit masa of M, biu/lb, 


Ry « reheat feoter for Turbine A 


fp « rehest factor for Turbine 5B 


iy 
ros = - total power plant pressure ratio 
08 


Pp 
° 
‘A 2 yee ~ expansion ratio turbine A 


P 
tr; # poe ~ eapension retic turbine B 


t, ~ turbine wheel blede root radius, ft 

Ty = turbine wheel blade tip radius, ft 

s = (3), = (5), = totel erossectional flow area for blades, ft” 
T «= blede wall temperature, °R 

u = turbine wheel tip velocity, ft/see 

a gute t) « mean blade Velocity, ft/sec 

V, * tangential velocity, ft/see 

Viel” Velocity relative to rotor coolant passages, ft/sec 
W + maxinun work for infinitesinel stage, btu/lb, 

™, "yy + work output turbine 4, btu/lb,, 

*3 "TFT, ~ Tork output turbine B, beu/Lb,, 

", * g,/M = werk input nade eenpresser, Vn/ih, 
“aes? 20 = mot poverplent work output, veu/it, 

P = density, 1» /re° 

= powerplant eycle efficiency 

C, = main compressor efficiency 

fo ~ less factor (defined in reference 18) 


Y « torque, lbf-ft 


flute 4k te atow Clu wey coral at aol tend f ‘ 
1 gfit\wre oh Xe ene thew voq duqut teed toa igreweg ~ | 4h 
Ne gn’ & aaidaal wi todee? daodex - i 


aria ii. . 


ta hei P Ae - + i eatinaet atom 0 MS 
Pagthwes « ni. = ne webehn “hs ve a * 


ihren sits 6 beet nPaier 0m eae 


hl, 4 a * an m 2 
bet #% t girabsay 0 Pe ee DSI oe i ke i4 Adi 
a 

¥ “i? ones pene tbe Srsaaae 


Ou ti tate Ken aba 
cs win mr ‘ 


chan  awuaeaten eon are 
(pNett eronam age ten teu sor = Ng 8 
ee ae ‘ 
ech td Leite. gti abt ss drs srvomestne st : 

I cehiiidetenahiatinns 
ee ee 
Kh ) (Gf qomewhor ut beats) wraet seo! = oh? 
' j Rie | Sed youprod ~ ‘t 


28 


® « angular velocity, rad/eee 


2. Subseripts 

o «refers te totel stagnation conlitionus 
o «refers to reletive stagnation conditions 
¢ «# refers to cengtent entropy process 

N « refers te nossles 

B «« refera to tlades 

* « denotes sere transpiration mase flow 
leeta = refors to states of main working fluid 
lbeSh «+ refers to states of total coolant 
43-6d = refers to states of bucket coolent 
ja~te « refers to states of nossle coclant 
7, 8 «+ refers to states of total mixture 
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APPENDIX C 
TABLE Of POTERPLANT CONSTANTS 


+ Turbine polytropic efficiency 

- Main conpressor efficiency 

~ Auxiliary compressor efficiency 

- Total pressure ratio 

- Turbine blade tip speed 

- Inlet temperature of turbine 8 

- Yaximua alloveble blade temperature 
~- Mein canpressor inlet pressure 

~ Powerplant exhaust pressure 

- Mein compressor inlet temperature 
- Loss factor 

= Impulse blade factor 

~ Ratio of turbine blade root to tip radius 
~ Turbine flow emstant = u/s 
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288 
285 

+85 

15 

1000 ft/seo 
1960°R 
1960°R 
2118 pst 
2118 psf 
520°R 
0.02=0,08 
4.0 

O.? 


500 1», /tt*=s00 
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APVEBDIX 2B 
CALCULATION mmtHoD FoR Y\ » 


in aceordance with Equation (4), ut y 18 expressed ast 
1 ¥, * We co ¥y 
i ne q 
in 
By use of Table 1, reference 10, it is possible to cotennine 


ess a 170.8 beu/ te (Leet ) 


Gin ™ Bose ~ Moog * Bony * 29562 beu/ltm (2a ) 


Referenee 14 shows thet the work output of turbines canposed 
of an infinite nuaber of infinitesimal stages may be onleuleted using 
the reheat factors given below. 


Wy pm leg = Moses) (and) 
Ty * pty Oty = Bugs? (ted) 
where 
Pea . a, Fe 
le ) 
a) + ( Bed ) 


pl +a/y) t- Ee 
K=1 * 
1 + (afr, LP SE 
a") . (Gea) 


P 1- @ 


(1) %m ewalusting 8, and the following average values of k were 
exployeds A "s 


cooled turbine) # 1,52 
k(uneooled turbine) = 1.35 


‘one vente * a x 


oy sr 


ots otter a eerie 


eo, ie way - 


beast 


Pige 3. 


A180, W, may be determined independently by reference to 


a) For a forced convection cooling system 


hh. * hoy 
"Ta, a, mer 
b) For a transpiration air cooling system or Liquid 
cool ing 


h - h 


Now, having once determined afi, ani su/l,, it is possible 


to caloulate x, by “trial and error” from Equations (Sed), (Sd), (Tad) 
(or (Gad) and the Gas Tables (reference 10). Since r, © r/e ys , cam, 
at this point, be evalueted fron Equations (G=d) and (4d). A semple 
ealeulation employing this method is given in reference 18. 
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APPENDIX BE 


DERIVATION GP SQUATION (6 


Hawthorne (8) suggests the following aprroximate analysis for 
determining the heat transfer per lb of fluid flowing across a turbine 
blade row. 


The Reynolds’ analogy relating monentun transfer and heat 
transfer is 


Kak (lee) 


Pp 
An energy balance for an element of length dx along the blade surface 
in the direction of flow is 


dg =X P(t, = Ty = SG Oar, (2 ) 


Substituting Equation (le) into Equation (2—e) and integrating between 
points 1 and 2 at inlet and outlet of the blade passage results in 


i a L 
‘aca tan’ be Be, re 


Defining a loss factor 5, 


62 [ the (40) 


Then since the heat transferred per 1b of fluid is 


Qec (t «=f Smo ) 
Sp a ~ Foy? 
Equation (Se) with Equations (4-e) and (See) becane 
Qec (Ff =) oe 1) (Gee ) 


iit 
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The maximua work per stage of infinite staged turbine or best 
efficiency of a single stage turbine is obteined when the magnitude of 
the tern 

Sil (7=e) 
u’/2g,3 
is approximately K, = 4 for impulse blading and EK, * 2 for reaction 
blading (reference 14). Actuel values will be slightly less than these. 

Then dividing Equation (6-e) by Nquation (7-e), an expression 

for Q/t for « cascade of blades cen be written as 
¢,(t, -T) te -1) 
= (80 ) 
Rye /2e 98 
which is Equation (6). 

Initial caleuletions for this study were made with e loss 
coefficient in the range 0.05 < 6 < 0.08. Because of the varying 
opinions as to the correct value of F_ sui because of its pronounced 
effect on cooled turbine performance, the range was extended to include 
0.08 < 9) < 0.08. It is believed that this range will adequately bracket 
the actual value of § for any particular blade design, It will else 
bring the data inte closer agreement with more recent work conpleted 
on profile loss facters as mentioned below. 

A discussion on the determination of §. is presented here 
in order to show some of the reasoning behind the variance of opinion 
and to verify, if possible, the use of a loss coefficient in the range 
0.02 <§, < 0.08. 
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Por lew Mach mamber and for the case in which (p/s) does 
not vary along the flow peth, Hawthorne (reference 6) shows that 
* bad * the profile less factor. This would correspond to the case 
of impulse blading. For reaction blading and nozzles heving decreasing 
erea in the direction of gas flow and for values of Mach amber greater 
then sero, €., becnes less then €,. 

Hawthorne (reference 8) combined the following equation for 
the heat transfer coefficient from gas to blade 


a © O4d4 (no )°*® (pp 1/5 (ome ) 


with tho heat balance equation for a blade passage 


xs (t, ~ t,) dx = Apv C, at, (lowe ) 
and Reynolda' anslogy to obtain 
et = 1) 0.14 (ne )**8* (py 7287 y (lise) 


50° ea 

Equation (ll-e) yields Fg 7 04026 = 0.084 for Reynolds’ 
munber of 6 x 10°>Re> 2 x 10" whore 5 varies frm $< ¥ < 10 
for most blade shapes. 

Subsequent to Mawthorne's analysis, Van Le (reference 18) 
completed a study of loss coefficients ©, = £(4,~G/* 95 6, Rey 3/0). 
Date teken fron charts in reference 13 show the following trends: 

a) Sp seereases as X/ X90 Re, and S/0 inorease. 

») Fp imereases as @ ami i increase. 
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e) Tp for resection blades in less then Se for impulse 
blades. 
ad) Yor normal verietions in turning ongle 6, degree of 
reaction, XK /K os piteh chord retie, 3/6, ineidence 
angle 4, ami blade Reynoldst mmber, Re, the profile 
less coefficient was found te vary within the Limits 
O02 <§, < 414 
These values of Se would seem to agree fairly well with Hawthorne's 
analysis that ‘. = Se particularly at the higher values of Reynolds' 
rum bers 
Smith and Pearson (reference 17) define a heat extraction 
coefficient, 4 for a turbine stage 


4° fst -T) (120) 


By comparison with Equetion (Ge) for a onscade of blades, where K, = 4 
for impulse blades, the following relation con be established 


je 12 fp (1880 ) 

Reference 17 includes plots of 4 voreus flow coefficient which show 
that 4 varies between 0.01 < 4 < Os0Be These values show good 
agrement with Hawthorne's values for 5/2 between 0.012< § /e < 0.04. 

Hubbart of NACA (reference 9) and Brow (reference 2) suggest 
the use of 

iu = .0296 (ne )*® 

instead of Equation (Se), Use of this equation results in velues 
of §, which are about ten percent less than those determined by Hawthorne. 
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APPENDIX FP 
ANALYSIS OF COOLANT FLOY IN ROTOR AND BLADES 


w= FORCED CONVECTION AIR COOLED POTERPLANT 


le Analysis of bucket coolent flow 

ae General -~ flow in rotating coolant passages with heat 
transfer 

Consider a stationary anmlar control volume inclosing the 
rotor fran r to r +dr (see Figs Pel). Applying the steady flow 
energy equation to the coolant within the control volume 

ap + Pr * i, Car, 
From the theoren of moment of mazentum (asguming slip factor 


= 1.0). 
2 
sf. pre oh rér 
e,9 
Therefore 
o tm” 
moat, = aQ + ae r dr (l+f) 


At any radius r the relative (to coolant paswage wall ) 
stagnation temperature and total stagnation temperature may be written: 
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Therefore 
aT ¢ * df. os rar 
° ° Ces 
Equation (lef) can now also be written in terms of relative 
temperatures 
° mao” 
mg? oT oe # dQ + “Z7 rdr (2—f ) 
be Flow im rotor (Sad « ded) 
Agsuming adiabatic flow in the rotor, Equations (lef) and 
(2ef) are integrated to show 


z vr, 2 
Tata” Toss *S te, Ge) (set) 
2 42 
~ « f =. mm (40f 
ofa om * Oe, F,? } 


Ce Flow in tuekete (44 - Sd) 
Integrating (2«f) fran (4d) to (Sed) 
e moe 
Q = MOQ AG BH, © mg (T cs > Tonga) * %e,3 (r,° ") 
ia 
af), « (Q/r ds 
“py Torsa ~ "orga? ~ 3 oe [2 = (fey 
Defining an apparent effectiveness for the bucket coolant passages ass 
t -~7 
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de Relation of 1 - to coolant flow conditions 


Combining Newton's law of cooling with Equetion (2f) 


° 2 
dQ KP = for = m0, = my, a! rdr (Taf) 
Assuming Oc Pt fa,c, and T, do not very with r the above 


equation is integrated to yield 


se ae eet 
a op (sf) 


where 
vt 
. C8. J _ % Ser 
Fy 


@ is later integrated assuming a linear variation of ‘.. 
with radius, however, for the moment, canparing (8-f) with (5-f) it 
is seen that 
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Neglecting the effect of free convection on the heat transfer 
process within the blede coolant passage, the Stanton number is 
expressed by the empirical pipe flow equation (reference 16). 
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The seme reference relates the friction factor to the 
Reynolds’ mmber (for 5000 < 6 De /pa <. 200,000) as follows: 
G be el 
PB 
Assuming that Owe % .69, Yquations (Sf), (l0-f), and (1l«f) 


result in 
1. aie 972-56 f e/de +P) (12=¢ ) 


2. Analysis of nogsele coolant flow 

The equations corresponding to (lef) through (12-f) can 
readily be attained for the flow through the non-rotating nossle 
coolant passages by equating w © 0. The pertinent results are listed 
bel owe 


Tose * Teste * Tod (1S=f) 
(7% dy ® 
) s 7 l4ef ) 
(m/it),, ne ne ( 
Hoi 2 gti? om (16=£) 


3. Evaluation of Vig" 

The negsles and buckets in thie powerplant are assumed to 
have identical coolant passage construction. The coolant flows for 
nozzles and buckets will certainly be of at least the same order of 
magnitude. Therefore, it is assumed that the term, f ¢/De, is very 
nearly the same for both. Comparing Equations (12~f) and (15=f) 
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Now, returning to the definition of @ (section 1), and 


performing the integration, easeuming that ty » ie linear with r 


B ow wir Oe A @ 2) (1 7=f) 


The combination of Equations (1é~f) and (17=f) determines 
Y,,' in terms of 1, T,_, and certain powerplant operating constants. 
In Fige Fea, i," is plotted against Yt for the three values of 7... 
used in this investigation. The values of \|,' used in the caleuletions 
are tabulated below. 
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Fig. Fel Control Volume for Coolant Analysis 
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APPENDIX G 
KRIVATION OF EB PRESSURE FOR ENTRALPY LOSS 


DUE TO MIAING (a) ) IN PORCED CONVECTION 


AIR COOLED POWERPLANT 


Assuming ediabatic mixing of coolant and working fluid, 
and neglecting variation in specific heat, the steady flow energy 
equation applied to the mixing chanber, F is written es follows: 


MT ce * Mak oca * ogg * My * By tM) Toy (leg) 


But, by definition, 4H g “pp (Tore * Ton? 


and also 


c 
ts [a/ry(t, = to5) * ati, = to 54)] (ame) 


The above equation is further modified by introducing the 
expressions for the coolant ratios and the definitions of and 
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APPENDIX # 
ERIVATION OF BQUATIONS FOR ROTOR PUIPING WORK 

le General analysis -- verying coolant flow in rotating 
passages 

Consider stationary enmlar control volume which incloses 
rotor between r and r + dr (See Fige Fel). For this derivation only, 
the following definitions exist 

nm g mess flow within coolent passages at radius r 

Sy, 3 mass leaving coolant passages between r and r + dr 
(i.e0, due to transpiration). 
From the theorem of monent of monentum 

Net external torque = net efflux of angular momentum fron 
the control surface. 


2 
a? oS (r + $? z (n + — dr)(r + af pte 


From the continuity equation 
§,°° Gar (gen) 
Combining the two above equations, and neglecting terms containing 


(ar)* results in 


av « 2nordr (Beh) 


2. Forced convection coolings n* m@, © constant 
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(m/tt), 2 
“> om Ee ® = rg (40h) 


S. Transpiration cooling 
O<r< r, n* m, 
mS P< hy aem,8 <a) (1) 


Integrating Equation (Sh), using this variation in n results in 


m, © 180 eg (50h) 


(1) Assuming that n varies linearly with r within the blades. 
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APPENDIX J 


DERIVATION OF BQUATION (17 


Equation (/7) (film theory) expresses the effect of mass 


transfer on the heat transfer coefficient as 


GC 
&.¢ get. 
X Jor EB Ye ~ 2) 


In reference 14, the heat transfer to a cascade of blades 
(mo mass transfer present) is expressed 


* 
ma, * e ¥ c(t, - a ie® - = 1) (leg) 


Newton's Law of cooling reletes the heat transfer to the 
temperature difference 


MQ, * = oc? Ay (2, - t) (23) 


Prom Equations (lej) and (2«j) 
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APPBNDIX K 
ANALYSIS OF WATER CCOLED POWERPLANT 


The efficiency of a cooled powerplant is, as seen fran 
Equation (3), exactly equal to Vo if the quantity ve ig Boro. 
For the water cooled powerplant studied, sinee the seolant does not 


mix with the working fluid: 


Y{ (water ecoled) = « Pagel (lek) 


The term » rotor pumping work, is sero since the coolant 
flows both inward and outward in the rotor. ‘Therefore, in order that 
Te be zero, %o,? the work required to circulate the coolant must alse 
be zero. This condition is fulfilled if the net centrifugal pressure 
rise of the coolant as it passes through the roter and blades is equal 


to or greater than the net pressure loss in the remainder of the 


circuit. It is assumed thet any excess pressure rise will be dis~ 
sipated in throttling rather than converted into useful worke 

The net pressure rise caused by the centrifugal field and 
density chenge is obtained by assuming the outward flowing coolant is 
all at density Pa and the inward flew coolant at density Pe 
(See Pel). Successive applicstion of Bernoulli's equation yieldss 


wp rise 1> 2 = (fy Pye i= SE] eae 
The total frictional pressure loss in the coclant circuit 
is approximated by multiplying the nozzle pressure drop by sixe 
(Since the nozzles, buckets, rotor, stator, heat exchanger and coolant 
lines may be thought to cause approximately equal pressure losses). 
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i" (m/t),* 


£ 
© 6 (4P), © 24 fF ce. 
o 


“Prriction (Sek) 


From combination of Zquations (Z-k) and (Sek) it is seen 


that VW, is sero if 


¢ 
2 
24 ¢ (4/00) K,* (m/u),” 


The coolant ratio required for the nozzles is obtained by 
epplying a heat balance to the nozzle coolant passages. 


(Q/r), 
wigs Sattar (Sek) 
pw a* (xe 


tT - fT 
leet Pre , (G=k ) 
¥ 
The term f ¢/De is obtained by on analysis similer to that 


carried out in Appendix F. 


f #/0e * % én ) (7k) 
7” Oy 
where # te a ratio of Prandtl numbers. 
~.67 ~67 
c Tt +fT c +f? 
) wre Ee) atte 
Pas a) a ¢£ i, 
cE) at T = 610° & 
In order to prevent boiling in the coolant system, it is 
necessary to limit the temperature rise in the blades and hence the 


effectiveness. Assuming equal temperature rises in nozzles and buckets 
the maximum effeotiveness as limited by Tt. ie 
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Ay a (Sk ) 
Na, § Toe 


In Paige KeZ, the above relation is plotted for the case 
where T, is limited to the boiling point of water et «tmospheric 
pressure (t, = 670°R). Larger velues of T, eould, of course, be 
obtained if the systen were pressurised. 

B, the ratio of frictional pressure drop te centrifugal 
pressure rise is plotted in Fig. Ke3 for twe values of soolent inlet 
temperature, 7,. In this plot )|_, 1s assumed equal oN ee as 
per Ke2. It is seen that throughout the renge of turbine inlet 
temperatures investigated, 4 is considerably less than unity. Hence, 
fe veqnives prping wet Ny is sero end Y| is just equal to } .. 
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«Effect of blade ‘cooling on 
performance of a gas varbine 
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